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LEGAL NOTICE
This report was prepared as an account of Government sponsored work.
Neither the United States, nor the National Aeronautics and Space Administra-
tion (NASA), nor any person acting on behalf of NASA:
A. Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness of the information
contained in this report, or that the use of any- information, apparatus, method,
or process disclosed in this report may not infringe privately owned rights, or
B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method or process dis-
closed in this report.
As used in the above "person acting on behalf of NASA" includes any
employee or contractor of NASA, or employee of such contractor, to the ex-
tent that such employee or contractor of NASA, or employee of such contractor
prepares, disseminates, or provides access to, any information pursuant to
his employment or contract with NASA, or his employment with such contractor.
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I. INTRODUCTION AND SUMMARY
'
	
	
Spacecraft equipped with radioisotope thermoelectric generators (RTG)
present a unique problem with respect to any of the on board radiation sensors.
Photon and neutron emission from the radioisotopic fuel can seriously perturb
the measurement of the extremely low particle flux fields in the vicinity of
the spacecraft. Even when sufficient shadow shielding of primary RTG radia-
tion is present between the RTG and the radiation sensor, scattered radiation
can be a problem. The RTG and sensor booms, and the spacecraft itself,
constitute potential scatter zones for the RTG radiation.
The goals of the study are to develop analytical techniques and to apply
these techniques in evaluating the primary and scattered RTG radiations with
•	 respect to selected OPE spacecraft models. In addition, an optimization
scheme will be developed for the purpose of analyzing minimum weight shields.
The overall effort consists of three phases:
The conversion of FASTER to the IBM 360/95 configuration and
the preparation of pertinent nuclear data for the OPE spacecraft
shielding studies.
•	 The detailed flux mapping of a pair of RTG's and representative
RTG-spacecraft configurations.
•	 The development of an optimization code for minimum weight
shield analysis.
This report summarizes the results of the third phase. The Phase II
effort and results are reported in Reference 1.
Analysis and calculations of cylindrical slab and conical shadow shields
are presented in Sections II and III, respectively. The OPEX-III shield
optimization procedure is discussed in Section IV. FASTER Code modifica-
tions and OPEX-III input format are outlined in Appendices A and B, re-
spectively.
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II. CYLINDRICAL SHADOW SHIELD ANALYSIS
This section describes the optimization analysis of a multi-layered
shadow shield with respect to a pair of tandem SNAP-27 RTGs. The nuclear
mockup of the RTGs was identical to the one used in the calculation of the
unshielded radiation flux maps during the Phase II effort (Ref. 1). The
shadow shield consisted of alternating layers of high and low density materials.
Specifically, four-layer tungsten-polyethylene (W-CH 2 -W-CH 2) and depleted
uranium-lithium hydride (U-LiH-U-LiH) configurations were analyzed. The
shadow shield assembly was assumed to be a right circular cylinder, coaxial
with the RTGs, and having a diameter equal to that of the RTG. The assembly
was assumed to be separated from the RTG endplate by 2 cm of vacuum.
The optimization was performed using the FASTER (Ref. 2) and OPEX
(Ref. 3) Codes. Shielded photon and neutron fluxes with respect to a nominal
shield configuration were evaluated with the FASTER Code. In addition, each
shield thickness was changed independently by a small amount, and new fluxes
were calculated. This data yielded a set of coupling coefficients used as part
of the input for the OPEX-III Code (for an explanation of the optimization pro-
cedure within the OPEX-III Code, see Section IV).
Optimization calculations with the OPEX-III Code consistently eliminated
the high density material in each of the multi-component shield configurations.
The conventional use of high density materials for photon attenuation stems
from their high photon interaction cross sections, especially in the photo-
electric region. In a unit shield, for example, high energy photons are de-
graded in energy in a series of Compton scatters. Once the photon energy
gets below about 100 Kev, photoelectric absorption affects the ultimate re-
moval of the photon.
The shadow shield configuration in this study no longer has to depend
on photoelectric absorption as the dominant mode of photon attenuation. The
slender shape of the shield (i. e, a high length-to-diameter ratio), coupled
with a high electron density in. a hydrogenous material, makes the hydro-
genous shield an efficient photon attenuator in another sense. A single scatter
event has a relatively high probability of removing a photon from the RTG-
detector line-of-sight, since the number of mean-free-paths in the radial
direction is small.
In view of the above, further calculations consisted of single material
shield studies. Specifically, polyethylene and lithium hydride shields were
analyzed.
During the course of neutron shielding calculations it was noted that the
FASTER program was producing some anomalous results with respect to
hydrogen. The rate of neutron attenuation in both the polyethylene and lithium
hydride shields was significantly less than related experimental data. A
careful examination of the FASTER, output data indicated precision difficulties.
The smallness of the internal RTG material zones relative to the large neutron
mean-free-path resulted in a sporadic bypassing of the hydrogenous shield.
This difficulty was resolved by adopting an equivalent surface source approach,
II-2
The angular distribution of the neutron flux at the end of the tandem
RTGs was obtained with a FASTER calculation. The distribution exhibited
the expected forward peaking. Since the actual an gular distribution fluctuates
somewhat with the radial position on the RTG endplate, it was necessary to
select a single representative distribution. It was decided to use a cosine
distribution to the eighth power, since it produced a similar amount of for-
ward peaking and also was amenable to analytic verification. Thus the
angular distribution was represented bP	 Y
# _ #o Coo B 0	 (1)
where
^ o = Total number of neutrons crossing a unit area in the direction
of the boomed detector.
® = An angle measured from the RTG axis.
The full 23 group neutron leakage spectrum across the RTG endplate,
along with this angular distribution, was used to construct an equivalent
circular disc source. FASTER calculations with the disc source exhibited
neutron attenuation rates in accord with experimental data. The actual and
analytical angular distributions of the axially escaping neutrons are given in
Table II-1. The results of the photon and neutron attenuation calculations
are shown in Figure II-1. The FASTER caaculations were run with the full
photon and neutron energy group structures U. e., 20 photon groups and 23
neutron groups) .
TABLE II-1. NEUTRON ANGULAR DISTRIBUTIONS
FOR THE RTG ENDPLATE
Fraction of Total Neutrons in
Angular Interval
Angular Interval
(Degrees)
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70 -0►0
80-90
Normalized Cos 8 0
0.3943
0.3162
0.1880
0.07598
0.02464
0.0
0.0
0.0
0.0
Calculated
0.282
0.316
0.2'30
0.0809
0.0131
0.0058
0.0001
0.07
0.0
a
4011
10-2
0
T :u
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Figure II-1. Photon and Neutron ,attenuation in
Polyethylene and Lithium Hydride.
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On the basis of the attenuation ptes shown in Figure II-1 and a particle
flux constraint of 5 particles per cm per sec, the shadow shield weights
for a pair of tandem SNAP-27 RTGs are 4790 and 5950 grams, for polyehtylene
and lithium hydride, respectively. Since the assumed shield radius was
equated to the RTG radius (7. 21 cm), then the above weights represent an
upper limit. A sizeable weight reduction can be realized by diminishing the
shield radius. For example, if the radius is 3 cm (large enough to "j ust
shadow" the annular fuel capsule), the shield weight is reduced by a factor
of 5.8. This represents the maximum weight reduction. In practice, the
shield would have to be larger in radius (or conical), in order to attenuate
some of the scattered radiation coming from the outer radial zones of the
RTGs. Thus a credible weight reduction factor would be about 4 or 5.
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III. CONICAL SHADOW SHIELD ANALYSIS
The shield minimization process discussed in the preceding section was
based on iterating the relative thicknesses of two or more shield materials.
This section describes an alternate method of shield weight minimization.
An attempt has been made to obtain shield weight reduction by modifying the
shield geometry without changing the relative thicknesses of the shield materials.
In particular, a conical shadow shield concept, reported in Reference 4, was
analyzed with the FASTER Code.
The suggestion of a conical shield in Reference 4 is based on the obser-
vation that the neutron flux penetrating a shield can be resolved into two com-
ponents. The first component (collimated) consists primarily of uncollided
neutrons that have undergone very low angle scattering. The second component(diffuse) is made up of neutrons that have suffered large-scale elastic and in-
elastic scattering. The angular distribution of both components is shown in
Figure III-1 with respect to cylindrical slab and conical shield shapes. Two
effects can be noted from the figure. It can be seen that the diffuse component
is pointed away from the detector in the case of a conical shadow shield. In
addition, the collimated component has had to penetrate a thicker section of
the shield. The conical shield has the property that its volume (and thus its
weight) remains fixed for any value of a (its vertex angle). Thus it is ex-
pected that the radiation flux at the detector would diminish as a decreased.
Conversely, for a given value of a, less shield weight is necessary to yield
the same flux response at the detector in comparison to the slab shield.
The FASTER Code was used to evaluate composite tungsten-polyethylene
conical shields for a = 19 0 and a = 30 0. Both photon and neutron fluxes were
calculated. Although precision difficulties cast some doubt on the validity of
the absolute values of the calculated fluxes, the flux decrease with a was
consistent with the theoretical expectations. The shield geometry is shown
in Figure III- 2 and the calculated results are summarized in Table III-1,
TABLE III-1. COMPOSITE TUNGSTEN-POLYETHYLENE
CONICAL SHADOW SHIELD FLUX RESULTS.
Cone Vertex	 Flux
	
Angle	 Reduction Factor*
Photons	 Neutrons
	
190
	
0.585	 0.85
	300	 0.75	 0.822
*Flux reduction fact or is defined as the ratio of the fluxes transmitted
through conical and cylindrical slab shields of the same centerline thick-
ne ss T ( see Figure III-1) .
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IV. OPEX-III OPTIMIZATION PROCEDURE
This section outlines the radiation shield optimization procedure used
in the OPEX-III Code. The OPEX-III Code is a modification of the OPEX-II
Code developed by G. P. Lahti at the NASA Lewis Research Center (Ref. 3).
The basic difference between the two versions is that of shield geometry.
The OPEX-II Code is written for analyzing spherical shell and cone bounded
slab shields. The OPEX-III version retains the above options. It has the
additional capability of analyzing cylindrical slab shields of constant or var-
iable area.
The OPEX Code represents the total radiation response at a detector
(e. g. , dose, or flux) by an equation of the form
s ,m
where
R = Total response
Ri = ith component of the total response
Ci = Fitted parameter
t 	 = Thickness of j th region
"Attenuation Coefficient" which is a measure of the effect thatµiJ	 the thickness t j of jth region has or. the ith component of the
response.
IMAX = Number of response components
NREG = Number of shield regions
Each of the IMAX response components characterizes some unique
portion of the overall radiation source. For example, a neutron source
surrounded by a high-Z material may have three response components, i. e.,
i = 1	 , Primary source neutrons
i = 2	 , Capture gammas
i =IMAX= 3, Inelastic scattering gammas
In this case the number of shield regions is one, so that µij simply a threecomponent vector.
Another possibility is the resolution of the total response into energy.
groups. This was the case in the optimization calculations discussed in
Section II. The total detector response was made of the following components,
1.
0
IV-2
i m l, Source photons in the energy interval 7.0-1.9 Mev
i= 2, Source photons in the energy interval 1.9-0.95 Mev
i= 3, Source photons in the energy interval 0.95-0.35 Mev
i= 4, Source photons in the energy interval 0.35-0.001 Mev
i= 5, Source neutrons in the energy interval 10.0-4.04 Mev
i = 6, Source neutrons in the energy interval 4.04-1.16 Mev
i=7, Source neutrons in the energy interval 1.16-0.122 Mev
i = 8, Source neutrons in the energy interval 0. 122-2. 5 x 10 -8 Mev
The coefficients kii , have to be supplied to the OPEX Code as part of
the input. They are obtained from the following equation
1	 Ri(tl, t 2 , ... , t., • • • , tNREG)
j	 µij	 At	 In I R (t j, t2	 t., ... , t	 I	 (3)J	 i 1 2
	 J J	 NREG
The numerator inside the brackets of Equation (3) is the total detector re-
sponse due to a reference shield configuration. It can be measured experi-
mentally or calculated. The FASTER Code was used for this purpose in this
study. The denominator w thin the brackets is the total detector response
when the thickness of the jth shield is changed by At ..J
The parameters Ci in Equation (2) are evaluated from the relation
Ci R  exp [
NREG
Fj'l µijtj (4)
where Ri are input quantities representing the calculated response components
for the reference shield configuration.
The OPEX Code proceeds to change stepwise the thicknesses of the
various shield regions in such a way that the total shield weight decrease is
a local maximum. The direction of search at each step is determined with
the aid of three basic vectors defined in a Euclidian vector space. The
Cartesian coordinates of this space are identified with the shield thicknesses
tl, t2 , • • • , tNREG• The three basic vectors are
t s (tl, t2 , . .. , tNREG)
aW aW	 aWg	 (', ... , -3T-RE G )
`
	
	
aR aR
	 aR
where W is the total shield weight.
0
ai.gk..
	
_	 -',
(5)
(6)
(7)
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Figure IV-2. Shield Geometry Capabilities of OPEX-III.
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APPENDIX A - FASTER CODE MODIFICATIONS
Several modifications were made to the FASTER Code to make it appli-
cable to the OPE shielding studies. The following subsections contain brief
descriptions of each modification.
1. Program Error Corrections
Several program error corrections were made oil the basis of Ref-
erence 5. Thus the variable NBMAX was changed to N'AMAX on source cards
522 and 529. Underflow problems were fixed by replacing source card 136
by IMIN = MINO (MAXO(1, NNN), NRMAX+1). Also, the following dimension
statements had to be added:
SUBROUTINE DIMENSION
SOLVER NSC(1), STF(1), NRP(1), NCP(1)
GROUP X(1)
GRODUM X(1), ST(1), NSC(1)
KERNEL ST(1), NRG(1)
PATH STU), NRG(1), NSC(1)
NORMAL XXX(1), CCC(1), DDD(1)
ROTATC ROT(1)
SPHERE ST(1), NRG(1), NSC(1)
SPHDUM NSC(1)
QSTAR X(1), C(1)
USTAR ST(1), NRG(1)
VSTAR CP(1)1 CC(1), C(i)
2. Heavy Element and Hydrogen Scattering Importance Input Modifications
Section 6 of the FASTER input data requires heavy element and hydrogen
scattering importance parameters on cards 6-7 and 6-8. These parameters
are defined as the ratio of forward-to-backward scattering importance
(Ref. 2 . For photons, it is recommended that the Klein-Nishina formula
be used at the average group energy to evaluate the ratio
dD (00 scatter)x Energy After Scatter (00)
d D (180 0 scatter) x Energy After Scatter (1800)
1
U
(9)
i"
A-2
If this ratio is available for each photon energy group, then it can be
used-directly as input on cards 6-7 and 6-8. This option is in effect when
IN7 = 1 and IN8 = 1 on card 6-0. If, however, IN7 = 2 and IN8 = 2, then the
ratio will be calculated internally by the code. This option requires that the
average group energies be input on cards 6-7 and 8-8. Specifically, for
IN7 s 2 and IN8°2, the input is as follows (see pp. 147-148 of Ref. 2):
Cards 6-7 and 6-8
Column	 Format	 Definition
1-72
	
8E9. 0
	 Average photon energy for
the first energy group.
•
•
Average photon energy for
the last energy group.
The internal coding is based on the following considerations. The Klein-
Nishina differential scattering cross section is of the form
	
dam- a Ye 2 77 + P® - sin 28 1
	
(10)
6	 /
E	 -1
P8 =	 1 + -----2
	cos e)	 (11)
MOC
where
e	 = Angle of scattering
m oC2= Electron rest mass energy
E 	 = Photon energy before scattering
Noting the fact that
Po _ 1	 (12)
2E	
-1I n - C 1 +	 2!	 (13)m 0C	 1
The ratio of forward-to-backward scattering can be formulated as
e
A-3
2	 1
0 	 Po-	 0)	 2Ratio	 (14)
1	F n	+ Fn	PTT1 + FR
f
Equations (13) and (14) have been coded within subroutine Random.
3.	 Angular Flux Out lit
The original version of the FASTER Code did not print out angular•
fluxes. In the calculation of source leakage fluxes, it is often desirable to
obtain the angular flux distribution at a specified detector. Since this
information is normally available within the program, a provision has been
made in printing it out in a suitable format. The tenth integer on card 6-0,
referred to as IN10, represents the number of angular interval subdivisions
desired in the printout. Thus, for example, if IN10 = 18, then the polar
an g le (angle measured with respect to the Z-axis), ranging fSom 0 to TT,
will be divided into 18 intervals, each interval measuring 10
	 'fable A-1
illustrates the output format for IN10 = 3.
Table A-1. Angular Flux Output Format For IN10 = 3.
*******xt*******This angular distribution from detector X***************
---------------------Mu's (cosines of angles)-------------- -----------
1.0000*	0.5000	 -0.5000	 -1.0000
Group 1	 X. XXXXE:i:XX
	 X. XXXXEtXX	 X. XXXXEtX
Group 2
	 X. XXXXE±XX
	 X. XXXXE±XX	 X. XXXXE±X
Group 3	 X. XXXXE±XX
	 X. XXXXE±XX
	 X. XXXXE'IX
Group 4	 X. XXXXE±XX	 X. XXXXE±XX
	 X. XXXXEtX
*Angular interval boundary values expressed as cosines. In this example
the heading sequence, of i b0000, 00. 50000, ©0. 50000, and -1. 0000 represent
the angular values 0 , 60 , 120 , and 180 , respectively.
**Each column represents the multigroup values of the particles arriving at
the detector within the solid angle defined by the polar angle interval boundaries.
In this case the first column represents all particles within 0 0 and 60 from
the Z-axis.
Miw
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APPENDIX B - OPEX-III CODE INPUT DESCRIPTION
The OPEX-III Code is a modified version of the OPEX-II Code, so that
the original input description in Reference 3 is no longer applicable. The
following statements outline the input format of the OPEX-III Code.
Card	 Variable	 FORMAT ( 315, 5F 10. 4)
1	 NREG	 Number of regions (thicknesses) in this problem
0925)
MAX	 Maximum number of iterations allowed
IMAX
	 Number of items in dose equation (925)
DES
	 Desired dose rate (used only if> 0. 0)
BPS
	 Convergence criterion for weight
EPSD	 Convergence criterion for initial dose (EPS, EPSD
typically 0. 001)
ACON	 Fractional step size on u (0. 5 sCONsl. 0)
CA	 Fractional step size for initial dose (0. 5 s CA
s 1.0)
FORMAT (1415)
2	 IGEOM=O	 Original version
IGEOM = 1	 Slab with const. area
IGEOM = 2	 Slab with var. area
FORMAT (7E10. 9)
3	 Omit this card for IGEOM=O
AREA	 Single area for IGEOM =1
AREA(I)
	 NREG areas for IGEOM=2
FORMAT (7E10. 4)
4	 T(J)	 Thickness of jth region; NREG values required.
G
1^
r
r
I
$-2
Card	 Variable	 FORMAT (MO.10  4)
5	 RHOM	 Density of jth region; NREG values required.
FORMAT (2511)
6	 NB(J)	 Thickness constraint flag
NB(J)=O constrgjn j th region to constant thickness
NB(J) = 1 allow	 region to change; NREG values
required.
FORMAT (7E10.4)
7	 µij	 For each region j read a new card (or set of) cards
with IMAX values of µij. NREG cards (or sets of
cards) required.
FORMAT (7E10. 4)
8	 DM	 ith d03e component corresponding to initial
geometry read in above; IMAX values required.
FORMAT (14I5)
9	 NIJ(1)	 NIJ(1) is the region number physically associated
with the ith dose term. This cross referencing
is necessary it zero the correct C(I) in the event
the jth region is diminished to zero thickness by
the optimization process. A region may be identi-
fied more than once. IMAX values required. If
all dose components originate outside of the shield
system, then there are no regions physically
associated with any of the dose components. In
that case all the NIJ can be input as zero.
The output format is identical to the OPEX-II format, as described
in Reference 3.
r
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APPENDIX C - NEUTRON CROSS SECTION CONVERSION CODE
This appendix describes the procedure required for converting the
'	 Sn-type neutron cross sections obtained from JPL to the FASTER format.
The 23 Group JPL neutron cross section set consists of the 34 elements
listed in Table A-1 of Reference 6. The conversion code can take any
number of these elements in sequence, and punch out neutron cross section
cards consistent with the format required by cards 4-4 and 4-6 Reference
2 (pp. 133-136).
The conversion code input is as follows:
Card 1
Card 2-59
Card 60-117
•
•
- NEMAX, the number of energy groups (always 23 for the
JPL cross section set)
NDSM, the number of downscatter groups (always 6 for
the JPL cross section set)
- ISOMX, the number of elements being processed
Format (3I5)
- The JPL cross section deck for the first element being
processed.
- The JPL cross section deck for the second element being
processed.
•
•
R
•
(Contine for all ISDMX elements).
A note should be made regarding the JPL cross section set. Each
element deck in that set is headed by an identifier card which should be re-
moved in the above input set. For example, the cross section deck for
beryllium is headed by the card.
23	 15	 0	 3	 Beryllium
This card should be removed before inserting the beryllium deck into
the conversion code input.
The conversion code output is as follows:
Title card - Elastic Transfer for Isotope No.
1	 C-2
(Neutron elastic transfer coefficients on 18
l.cards, constituting Section 4-6 input for FASTER
Title card - Total Cross Sections for isotope No.
Neutron total cross sections on 3 cards, constituting
Section 4-4 input for FASTER
